I, INTRODUCTION
Since the initial study of the electronic structure of transition metal hexafluorides some 15 years ago, 1 there has been considerable interest in the vibrational, 2 electronic,3 and magnetic 4 properties of these systems. Theoretical studies dealing with molecular orbital 5 and crystal fieldS descriptions of molecular species XFs(X "" 3d, 4d, 5d, and 5 f metal ions in a formal valence state of plus six) have also appeared. This previous work notwithstanding, it seems fair to say that only the most rudimentary understanding of electronic distributions for octahedral inorganic molecules at present exists. The electronic structure problem is compounded by the presence of supposedly large vibronic interactions (the Jahn-Teller effect)207 in either the ground (ReFs, OsF s ' TcF s , RuF s ) or excited electronic states of the Oh zero-order structure. The homologous transition metal hexafluoride series affords a system for further and more detailed investigations into the interaction between electronic and vibrational degrees of freedom in molecules. 8, 9 In addition, high atomic weight metal ions do not often form discrete molecular entities and such systems have unusual structural, chemical, and bonding properties. Detailed spectroscopic studies of these systems can, at least in principle, aid in the elucidation of such pOints as what orbitals are involved in bonding, what is the electron density in bonding molecular orbitals, and what is the extent of delocalization of unpaired electrons over the molecular frame work.
Transition metal hexafluoride molecules are thermodynamically stable, 10 have vapor pressures in excess of 100 torr at 300 K, and form low melting molecular solids. As such, they are also a general series available for the study of molecular crystals. In addition to high free molecule symmetry and the availability of a complete series of molecules with systematic properties, the hexafluorides are simple (have relatively few atoms) and have many accessible electronic states. This is to be contrasted with the most heavily studied molecular crystals, the aromatic organics, for which usually only one singlet and one triplet state are available for detailed study. 11 The presence of unpaired electrons makes it possible to observe magnetic resonance spectra in many, if not all, of the low lying d or f excited electronic states. 12 A number of important advances in understanding molecular solids have come through the study of isotropic mixed crystals (the ideal mixed crystal limit), 11 and it turns out, as we shall demonstrate, the concept of the ideal mixed crystal is even more faithfully reproduced for the closed shell host systems of WF s, MoF s , and UFs with 0.1% to 1.0% paramagnetic guest species, than for the original source of this concept. Using the XFs species, it is possible to study in depth a totally different molecular solid, thereby checking the applicability of previous theory and the generality of various approximations. On the other hand, owing to the high atomic weight of the central ion and the presence of unpaired eleCtrons, large spin orbit coupling and exchange interactions are expected in these systems. It therefore becomes necessary to incorporate a number of typically "ionic crystal concepts" into molecular crystal theory. This paper deals specifically with the electronic spectra of ReFs (5d 1 ) pure and mixed crystals. From these data we will present information concerning both molecular properties (Jahn-Teller and vibronic interaction) and intermolecular interactions. ReF 6 was chosen as the first in this series to be studied because of its Simple electronic structure and well isolated d-d transition in the neal: infrared (2.0 tlm). The optical data presented below support six main conclusions concerning XFs crystals; (1) electron exchange interactions are more important than excitation exchange (exciton) interactions in the pure crystal-ReFs is expected to magnetically order at temperatures less than 1. 5 Kj (2) the electron exchange mechanism is superexchange and is inextricably associated with low lying charge transfer bands in pure and mixed crystals; (3) exciton and exchange interactions can, in part, be separated by studying pair spectra in various host-guest systems with both high and low energy delocalized charge transfer bands and comparing them to pure crystal features; (4) two-molecule or two-particle tranSitions are observed and positively identified, in which one molecule is electronically excited and one molecule is vibrationally excited-such effects are shown to be responsible for much of the so-called vibronic intensity; (5) theoretically expected linewidths are observed; and (6) the observed spectra are definitely those which are characteristic of a molecule, and many conclusions 44, 2802 (1966) .
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concerning the molecule (Jahn-Teller effect, vibronic coupling, electronic distribution) are possible using molecular crystal data.
The remainder of the paper is divided as follows. Sec. II gives a review of the general physical, electronic, magnetic, and vibrational properties of ReF 6 as well as its crystal structure. In Sec. III a theoretical description of molecular and crystalline ReF 6 is presented and the Hamiltonian appropriate for inorganic molecular mixed ("isotopic") and pure crystals is given. Sections IV and V present experimental procedures and results. The results are discussed in Sec. VI, and finally conclusions and a few comments about future investigations and other systems are made in Sec. VII.
II. PROPERTIES OF ReF6 MOLECULE AND CRYSTAL

A. General
ReF 6 is paramagnetic and can be thought of as a molecule with one unpaired 5d metal electron. Its thermodynamic properties, as well as melting point, boiling point, vapor pressure, and bond distances have been studied over a wide range of variables. Table I contains a summary of some of the more useful ones for our purposes. Properties of other hexafluorides used in this work (UF 6 , WF 6 , MoF 6 ) will also be found in Table I for comparison. It is quite obvious from these data that the general XF6 species is molecular in nature and that these molecules form weakly bound molecular solids.
B. Electronic
The major insight into the spectroscopic properties of transition metal hexafluorides stems from the original work of Moffitt, Goodman, Fred, and Weinstock. 1 The basic free molecule model is that of 4d or 5d electrons in a strong octahedral crystal field (lODq -30 000 cm-1 for ReF 6 ) further perturbed by large spin-orbit coupling (s -3050 cm-1 for ReF 6 ) and, when appropriate, a substantial electron-electron repulsion term (G -2500 cm- 1 IrF 6 , (5d) 3). The near infrared and visible region of the spectrum can then be assumed to arise from intraconfigurational transitions between states of a spin-orbit, electron-electron repulsion split (dt 2g )n configuration. The separations between states of the (dt 2 g)n configuration have been shown, using the Wigner-Eckhart theorem, to be formally equivalent to those of the p6-n atomic configuration. 1 The sharp-line optical spectra can then be modeled by three parameters.
"Crystal field" interconfigurational transitions [(dt 2g )n-(dt 2g )n-l eg ]
lie at roughly 30000 cm-1 for the 5d series and overlap the fluorine-to-metal charge transfer systems. 1, 3 Little is known about the nature of these states.
The charge transfer transitions, believed to be of the ligand-to-metal variety, have also been studied, in both the paramagnetic (ReF 6 ) and closed shell (MoF 6 , WF 6, UF s) systems. I, 3f The general conclusion from these studies favors transitions associated with a ligand 7r-or a-orbital electron going to a metal (dt 2g )" orbital. This would be consistent with roughly 25000 cm-1 difference in charge transfer transition energy between ReF 6 and Mo, WF 6 • C. Vibrations
The normal modes of a seven atom molecule with 0h symmetry are well known. 2 ,13 Considering the relative simplicity of this molecule it is surprising that a number of problems still remain with the vibrational frequencies in ReFs. Some of these will be touched on in this report: Vl-V3 assignment in the solid, V6 energy, and the Jahn-Teller nature of V2 and Vs. The difficulties with the previous gas phase vibrational spectra of this series have been poor spectral resolution (-5-10 cm-1 ) and combination, overtone, hot band, and rotational congestion of the spectra.
D. Magnetic susceptibility
The magnetic susceptibility of ReF 6 has been previously measured in the temperature range 14-300 K 4b and a magnetic moment per molecule of 0.25 Bohr magneton was found. This yields an effective spectroscopic splitting factor (g) of about 0.3. We have repeated these measurements and extended them to 4.2 and 1. 5 K. Results will be presented in Secs. V and VI but are in substantial agreement with those of Ref. 4(b) for the temperature ranges that overlap in the two studies. The magnetic moment per molecule (Oh) and the susceptibility can be qualitatively accounted for by the first-order theoretical model discussed above with only minor elaboration.
E. Crystal structure
The crystal structure of UFs was first determined by Hoard and Stroupe by single crystal x-ray diffraction techniques at 300 K. Ita This early study found the space group to be D~~-Pnma-with four molecules per primitive unit cell at sites of Cs(m) symmetry. The uranium atoms and two fluorine atoms (F 1 and Fa) are contained in the site plane. These "axial" fluorines are at a distance of 2. 12 A from the central uranium, while the four other "planar" fluorines (F3' F;, F 4 , FD lie off the site plane and are related .in pairs by it. Even though it is not a symmetry constraint of the structure, the four planar fluorines are, within experimental error, equidistant from the central uranium atom at 2.01 A. The molecule in the site thus looks much like a distorted octahedron (D u ) , with one of its fourfold axes elongated. This approximate D4h symmetry is supported by 19F NMR studies. 15 The z axis (long axis on which the axial fluorines approximately lie) makes an angle of about 35°withthecrystallograph-ic c direction. The four molecules in the unit cell can be related to one another by the twofold screw axes (interchange operations), such that: qI = II, C~I = III, and ql = IV. The coordinate systems at each site are thus righthanded and properly phased with respect to each other. The interchange group is isomorphic to the point group D 2 , the factor group is isomorphic to the point group D Zh ' and the site group is C s • The other hexafluorides have a body-centered cubic crystal structure near their melting points and undergo phase transitions to the UFs structure below -0 °C. 14b Atomic positions for hexafluorides other than uranium have not been determined by x-ray diffraction. The unit cell parameters are given in Table II for each  structure. Recently, three powder neutron diffraction studies of transition metal hexafluorides have appeared, one dealing with UF s and the other two dealing with cubic and orthorhombic MOF s . 14e These studies in general confirm the previous work but give UFs more C s dis- It is unfortunate that all the data were not collected at the same temperature. Using a rough number of 2 x 10-4 for the linear thermal expansion coefficient It is interesting to consider the location and number of near neighbors for this structure. These data are presented in Table III . Because of the short c axis, the nearest neighbors related by a translation along the c axis are expected to have the greatest pair-wise interaction in this structure. The fluorine-fluorine nearest contacts also bear this out (see Table III ). It should be noted that there are twice as many I-IVequivalent contacts as there are I-II and I-III equivalent contacts. This arises because the site mirror is parallel to q and thus generates another set of equiva-lent distances. Only the translationally equivalent contacts in the b-and c directions are short enough for inclusion in this partial tabulation.
III. THEORY
A. Introduction
The purpose of this section is to present those concepts needed to understand the experimental observations in inorganic pure and mixed crystals. It will be necessary to discuss the molecule, various pure and mixed (host-guest) crystals, excitons, magnetic exchange and ordering effects, dimers (pair spectra), and two-molecule (two-particle) transitions.
Considering the molecular nature of transition metal hexafluoride solids, it is reasonable to assume a tight binding limit to partition the crystal Hamiltonian into sums over site Hamiltonians plus sums over intersite interaction terms:
The meaning of these terms is somewhat more complex than the usual molecular crystal isotopic guest-host system with which it is useful to draw comparisons. Since in the isotopic mixed (C 6 H 6 , C 6 H 10 , etc.) crystals the only difference between the various combinations of mixed and pure crystals is vibrational, the electronic Hamiltonian remains constant. One would like to carryover as much of this formalism as possible to the pure and mixed crystals treated here (ReF 6 Infinite dilution mixed crystal:
.
Dimer or pair in a crystal:
"\" sit. 1 "\" [(vpar) These definitions yield small Je' by virtue of the partition which removes monopolar interactions from intersite terms and the inclusion of interactions with other site cores in Je~!te. However, since we intend to discuss experimental data, it is the form of the solution and not the construction of the best partition that is of concern. The central point is that one can transfer a specifically constructed site Hamiltonian (representation) from one crystal system to another.
In a perturbation approach, it is of course most useful to include as much of the crystal interaction as possible or conceptually convenient in Je. lte , consistent with the need to transfer Jes\te between various crystal systems. For example, this term would include an effective potential which brings about molecular distortions and shifts and splittings of molecular energy levels. The zero-order crystal wavefunctions are simply antisymmetrized products of the site eigenfunctions. Perturbation theory is then applied to refine the energies and wavefunctions. In an even more approximate treatment, Je~!te:::: (Jemol)nq and the usual terms of exciton theory obtain. 11
An ideal mixed crystal is one for which the host and guest molecules are identical and the host acts simply as an isolation matrix for the guest. However, in the usual isotopic organic systems, which are assumed to approach this limit rather well, host exciton bands can cause the guest states to be perturbed by either pseudoor real resonance interactions. Hamiltonian complications notwithstanding, transition lI!.etal hexafluorides may approach the ideal mixed crystal limit much more closely, as host systems have their first electronic transitions either in the vacuum (MoF s and WF 6 ) or near (UF s ) ultraviolet. It should prove useful to characterize ideal mixed crystal systems in the absence of near resonance interactions; in order to do this, it is essential to be able to separate, at least in principle, the various Hamiltonians into transferable site terms and interaction terms, as has been done above. Before discussing crystal wavefunctions, it is appropriate to present some properties of ReFs molecules both isolated and in a crystal environment.
B. The molecule in the crystal
The effect of molecular distortion in the low temperature phase of hexafluoride solids is largely described by a reduction to Du symmetry. The r 6g electronic levels of the octahedral molecule will split into rand r levels (D'h) . The reduction to rigorous C s Sg 7g , site symmetry cannot remove the remaining Kramers degeneracy. Figure 1 depicts this situation. The degeneracies of molecular vibrations will of course be lifted (see Fig. 2 ).
One electron wavefunctions and energies applicable 
in the manifold of d-electron states. The l = 2 tetragonal basis functions for the octahedral group diagonalize both V Oh and V D4h' These functions are listed in Table IV with their transformation properties. The effect of the spin-orbit operator is best calculated after products of spin and orbital functions are reduced. Using the vector coupling coefficients, one obtains 2 r 61" and 3 r 71f functions. 
aNotation: Ilm,). which reduce the magnitude of the matrix elements of orbital angular momentum operators (i. e., fJ. = 13(28 + L), ~L . S, etc.) between pure metal ion wavefunctions to account for the reduction of metal ion functions in the molecular orbitals. Restricting this parameter to only one value for all types of orbitals, g values are obtained (see Fig. 3 ) for the lower three doublets of the D4h model as a function of the orbital reduction parameter k.
To aid in the understanding of spectral linewidths, a calculation of the zero-field hyperfine structure of 
C. Dimers
In mixed crystals with greater than roughly 1% concentration of ReF 6, the probability of statistical dimer or pair formation becomes high. In the hexafluoride structure there are 14 neighbors in the near neighbor sphere (5.21-6.76 A metal-to-metal distance in UFs); this corresponds to -15% probability of dimer formation. The dimer associated absorption may be recognized by its violation of Beer's Law in spectra of different concentration crystals.
In discussing the problem of dimers in molecular crystals the departure point is Je~~ te; we assume that this is the same for all crystals. However, depending on the situation, the Je 
equal to zero even if Je eff is a sPin-independent twosite operator. Such a selection rule or orthogonality arises only when rotations is real space leave spins unchanged; the levels of two interacting spin one-half systems no longer decompose into a singlet and a triplet.
The situation is quite simple for a spinless system, which has a nondegenerate ground state CP~~n'q' and the usual "exciton" results obtain.11 The assumption usually made in such a presentation is that both sites are equivalent and therefore matrix elements with nq and n' q' interchanged are identical. This need not be true if the point group of the pair does not contain a 22, 64 (1950). symmetry operation which interchanges the pair sites. However, for the spinless case one can view this as approximately true for a weak coupling ("infinite dilution" wavefunction) limit.
For dimers of ReF 6, the "magnetic" interactions (electron exchange) complicate the above simple picture. Owing to various anisotropic exchange mechanisms, large spin-orbit coupling, and in general, rigorous inequivalence of the two sites comprising the dimer, the four degenerate zero-order states cp~~,"r" will yield four nondegenerate first-order dimer states. In the block corresponding to functions degenerate in zero order with CP~~'~" there will be 4m nondegenerate first-order dimer states, where m is the degeneracy of the fth excited site state. If excitation exchange is vibronically forbidden, the 4m x 4m block decomposes into two 2mx2m blocks. Generalized matrix elements in this problem have the form While the site symmetry is rigorously reduced in C j and C 1 pairs, the zero-order ReF 6 site functions may be chosen to be the infinite dilution functions which are characterized by the irreducible representations of the group C.. For pairs with C. symmetry, the antisymmetrized product wavefunctions which form the zeroorder basis may be combined to transform as r 1 or r 2 of C s • For pairs with C i symmetry, the inversion operator can be considered to be an interchange operator (i. e., cjr J =' rp, cjrI =' rp with r 3, r 4 belonging to C s ), and combinations of the antisymmetrized product functions may be selected to transform as r 1 or r 2 of C j • Matrix element selection rules can be used to set half the elements of JC equal to zero. The great- 
-12
Id)=2-1I2(dl~~08+ dl~~o",)
Hamiltonian: e, g, k, m, n, q=0-20 parameters C. One excited site but with zero vibrational overlap to the ground state.
Hamiltonian: same as in B. est simplification arises for C 1 and for the special case of C s with neither partner on the mirror, in which 't" I t thtM°Ol.I",oa l ", Mf",o",l",oa case 1 IS rIgorous y rue a
nonetheless, presence of both electron and excitation exchange does not allow for a completely reduced form.
The Hamiltonian is also invariant under the operation of time reversal e. 16 ,17 If basis functions are combined so as to display the spatial symmetry just described and to transform symmetrically or antisymmetrically under time inversion, then (if! I Je I if!') = ±(if! IJeIif!')* (the plus sign holding for both if! and if!' transforming similarly under time reversal and the minus holding otherwise). Since time reversal symmetric and antisymmetric functions belong to the same corepresentation of the time reversal group, the only requirement on Hamiltonian matrix elements imposed by time reversal symmetry is that they be either real or pure imaginary. The total number of parameters required to describe interactions within a zero-order degenerate block for different pair symmetries is thus easily determined. These are listed in Table VII along with the forms of the matrices.
D. Neat crystal
Molecular exciton theory is well developed and has been presented in many forms over the years, 11 and energies, wavefunctions, and matrix elements can be written down in the Frenkel approximation. We need to discuss, however, the two added complications that occur in inorganic molecular crystals like ReF 6: paramagnetic crystals and magnetically ordered crystals. Further, in this instance, applicability of the restricted Frenkel limit18 is questionable. This useful limit in effect assumes interactions between certain translationally equivalent molecules are either zero or equal and thus k*O exciton branches which diagonalize Je eff are constructed from the one-site exciton functions by the same prescription as the k = 0 exciton branches. Since, in the hexafluoride structure, nearest neighbors occupy translationally equivalent sites in the c direction, the restricted Frenkel limit is expected not to apply. It also follows that dispersion for exciton branches should be larger than their separation.
It is possible to develop an energy level structure for magnetically ordered ReFs crystals based on the pair parameters if it is assumed that pair interactions are responsible for the ordering and excitation exchange phenomena. If the ordered crystal has all sites equivalent (not necessarily always true, but assumed to be true here), the ground state can be described by the site functions X ~~ . The problem of equivalent sites is somewhat difficult in the ordered crystals, as the interchange group may be antiunitary. The crystal functions are then given as,
Since choice of interchange operators phases one site coordinate system (spin and space) relative to the others, these functions can correspond to ferromagnetic, antiferromagnetic, or canted (scew) magnetic ordering even though they all have the same Kramers component label. cP~: and cpt: are degenerate in zero order. The diagonal energies of the localized states are (III. 12) and
In these two equations, €I is the difference in site energies between the ground and excited states, "EI is this difference in the gas phase, SO is the ground state energy, and AI", is the so-called gas-to-crystal shift. 11 SI", will not in general equal Sfs. The above admonition concerning antiunitary interchange groups is important here if one wishes to compare M's obtained from pair spectra or calculations with those derived for neat crystals (i. e., the CI!, f3 indices must be carefully treated for a proper comparison). Exciton functions can be constructed as in the spinless cases. If j=O and CI! and f3 indices are changed, magnon functions will arise. The effective Hamiltonian matrix elements then take the usual form (III. 14) in which the possibility is foreseen that mixing between exciton bands will be important. This is particularly true if cp~a(k) and cp~s(k) are considered different bands. (III. 16)
The usual exciton theory then proceeds via group theory to obtain algebraic k",O exciton energy levels, but this further reduction is not generally possible for both electron exchange (energy localizing terms) and excitation exchange (energy delocalizing) interactions. The situation is identical to that described for the dimers. Separation into k-state blocks still occurs, but exact diagonalization of these blocks by the factor group operations is not always possible even for k = O.
Well above the transition temperature for magnetic ordering ReF 6 crystals are paramagnetic. In the absence of an external magnetic field, the average value of any component of the magnetic moment is zero. Since the spins are randomly oriented and fluctuating, the crystal cannot be described by a wavefunction. An incoherent superposition of states, the density matrix, must be employed. It is possible, however, to speak of crystal excitations (Frenkel excitons) and to label them by the operators which create them. 19 The k = 0 ex:oi.tons transform as irreducible representations of the factor group (isomorphic to) D ah • This factor group is the direct product of the site group C. and the proper interchange group (isomorphic to) Da (three mutually perpendicular sets of twofold screw axes and the identity). Since the electronic excitations at a site may be either A I or A" in C s (caused by the variability of spin orientation in both initial and final states), g and u k = 0 excitons will be degenerate. Figure 4 contains the appropriate correlation diagrams between site, factor, and interchange groups. Since there are four molecules in the unit cell, four exciton bands (transforming as A, Bh B a , and B3 in D z ) are expected. Both dipole operators transform as B1 +B z +B3 in D a , therefore only three pure exciton branches are expected to be observed in the optical spectra.
Below the magnetic ordering temperature the magnetic moments will have well defined equilibrium directions. Deviations from these directions in the absence of electronic excitation are described as magnons. Loudon 19 has shown that in magnetically ordered crystals, exciton and magnon descriptions are formally identical (see above as well). Unlike Loudon, however, we will use the magnetic space group to describe excitations.
The transformation properties of crystal wavefunctions in the Shubnikov (magnetic or "black and white") group of the crystal are a convenient means of labeling. The wavefunctions will transform as irreducible corepresentations of the space group.20 If we restrict our interest to k = 0 excitations, a considerable amount of complexity can be avoided.
Assuming ReFs magnetically orders with no loss of atomic positional symmetry and that spins align in keeping with that symmetry, the magnetic space group for the ordered crystal must be one that can be derived from D~~ (Pnma). There are seven of these in addition to Pnma itself. 21 The unit cell sizes of all of these magnetic space groups are the same as for the paramagnetic crystal. The reason for this is that anyone of the primitive translation operators of the space group is equivalent to the square of one of the twofold screw operations. Whether the twofold screw becomes unitary or antiunitary in the magnetic group, its square must be unitary. Three of the groups require antiferromagnetic order, one requires ferromagnetic order, two allow canted magnetic order requiring zero residual moment, and two allow canted order with residual moments varying from zero to the ferromagnetic value. These magnetic groups, their various subgroups, and correlation diagrams are presented in Fig. 5 . Below, we discuss SOme considerations which should make this figure more understandable and useful.
In analogy to space groups, one may define factor groups for the seven nontrivial Shubnikov groups of interest here. The concept of factor groups as direct products of site and interchange groups is also a useful concept where applicable. Since these factor groups are all antiunitary, the k= 0 exciton wavefunctions are classified according to the irreducible corepresentations for which they form bases. Since for these seven groups single valued corepresentations are all such that no degeneracy is required by the presence of antiunitary operators 20 b.C, k=O exciton wavefunctions may be classified as irreducible representations of unitary subgroups of index 2 of the factor group. The same situation holds for site and interchange groups. Correlation diagrams between site, interchange, and factor groups become correlation diagrams between the largest unitary groups contained in them.
In using the correlation diagrams, certain facts are useful: (1) (or corepresentations) is Single valued; (2) symmetry species of transition operators label excitations; (3) to create four linearly independent exciton functions from antiunitary interchange groups, one-site excitation functions are combined using irreducible repre-sentations of the unitary group obtained by treating antiunitary operators as unitary operators. This latter point implies that for the hexafluorides under consideration, one-site (k = 0 exciton) functions are combined with four sets of coefficients from the irreducible representations of D2 (the point group isomorphic to all the "unitarized" interchange groups). In the antiunitary group, some of these functions may transform as the same irreducible corepresentation. For the D2 (C 2 ) antiunitary interchange group, there will be two functions transforming as the A and two functions transforming as the B irreducible corepres entations.
Functions transforming as the same row of an irreducible corepresentation may mix under the influence of a totally symmetric Hamiltonian. Therefore the k = 0 exciton functions are not uniquely (unambiguously) determined. The symmetries are useful, however, for obtaining selection rules and polarizations. Selection rules may be worked out based on the unitary subgroups of index 2 of the factor group. Figure 5 shows the various relations, along with transformation properties of the components of electric and magnetic dipole operators.
This analysis leads to the conclusion that the electronic origin of the ReF6t2g-t2g transition at 5000 cm-t, in the Frenkel limit, should contain eight exciton branches at least six of which are E1 or M1 allowed (see Figs. 4 and 5). The transition should remain mostly of magnetic dipole nature; some "forced electric dipole" character could come about through crystal mixing. In the event of exciton-phonon and/or exciton-magnon coupling, the ~k=O optical selection rule may still be satisfied by k *0 excitons in combination with k * 0 phonons or magnons. Phonon or magnon side bands are commonly encountered in, respectively, molecular crystals 22 and magnetically ordered (ionic) inorganic crystals. 23 E. Two-molecule or two-particle transitions Finally, we wish to discuss a phenomenon very distinctly portrayed in these systems, two-molecule or two-particle transitions. Such transitions involve two sites; one site is electronically excited, and a (presumably) neighboring site is vibrationally excited. This transition is easily distinguished from one-site vibronic transitions in that its energy is that of the electronic origin of the guest (ReF 6 ) plus a ground state vibration on the host (either the same chemical species ReF 6 or MoF 6 , WF 6 , or UF 6 ). These transitions are present throughout this series.
Two mechanisms have been proposed by which such states can gain intensity. The first is based on hostguest interaction via mixing of a guest electronic state with an electronic exciton band of the host. 24 The major area of application of this mechanism has been to isotopic mixed organic systems. The mixing of states or delocalization of guest transitions is a function of ~e(= E~-E:), the electronic binding energy of the trap or the binding energy of the exciton localized on the impurity center; ~ev = (v ~ -v~), the host-guest excited state vibrational energy difference; ~ex = host exciton bandwidth; and ~v = (v; -v~'), which is the "vibrational defect" defined as the difference between the guest excited state vibration (v;) and the host ground state vibration (v~'). For substantial (> 5%) two-particle intensity in the spectrum, it is necessary that ~ex > I ~v I and ~ex> ~e' When I ~v I ,., i~ex' most (-98%) of the intensity resides in one-particle or vibronic singlesite transitions.
The second mechanism, proposed for two-ion simultaneous transitions in ionic crystals,25 is based on the mixing of one-site transitions with two-site transitions through the intermolecular potential. It does not depend on the presence of exciton bands or crystal states in general. The state with which the two molecule state mixes in order to get optical intenSity would, in this instance, be the one-site vibronic state of the guest. While this may not be the state of greatest oscillator strength, it is the one for which the energy separation is smallest. This mechanism is not unlike what has been called "intermolecular Fermi resonance" in vibrational spectra of organic molecular crystals. 26
In tz:ying to apply these mechanisms to two-molecule transitions or states observed in mixed and pure ReF 6 crystals, it would appear that the first mechanism is inapplicable since ~e is at least 20000 cm-1 and as much as 55000 cm-1 • However, it is also possible to think of ground state host vibrations as the enabling exciton bands. The exact experimental situation and intensities can be used to decide between these and perhaps other possibilities, as will be discussed below.
IV. EXPERIMENTAL
Transition metal hexafluorides are highly volatile (P-200 mm at 300 K), air-sensitive compounds and must thus be handled in high vacuum apparatus. While both fluorine and hexafluorides are inert with respect to Pyrex and quartz, HF will autocatalytically attack the Silica/hexafluoride and is difficult to remove in the early states of F2 handling, synthesis, and sample preparation. Thus, all manipulations prior to the final sample distillation into the optical cell are performed in monel vacuum systems that have been "pickled" or passivated at high temperature with H2 and Fa. 27 Both gases were purified by slow distillation through liquid nitrogen traps, and in the case of fluorine large excesses of the liquid were trapped and the first and last fractions were always discarded. Operating pressures in the vacuum manifolds are typically in the 10-6 torr range.
The ReF 6 used in these studies was either obtained from Dr. J. Malm of Argonne National Laboratory or was synthesized from 99.99% pure Re powder (D. F. Goldsmith Co., Evanston, IL) and F2 (Matheson Gas Co.). The powder used for the synthesis was loaded into a previously passivated and evacuated monel reaction vessel in an inert atmosphere dry box. After evacuation, the powder was degassed by slowly raising the temperature to 300°C under vacuum maintained for at least 12 h at this temperature (pressure,., 1 x 10-6 torr). The main system was repassivated with the Re metal isolated in the reaction can, and distilled fluorine was admitted to the system. The pressure in the reaction vessel was kept below 5 atm at the 300°C reaction temperature, and an excess of Re metal was maintained to prevent formation of ReF 7 0 purification of ReFs from more and less volatile contaminants was accomplished by trap-to-trap sublimation while pumping. The collection trap was cooled by a diethyl ether slush.
UFs was obtained from Varlacoid (Elizabeth, NJ), and MoF s and WF6 were obtained from ROC/RIC (Sun Valley, CA). These material were purified by trap-totrap sublimation in a separate manifold used only for manipulation of host (closed shell) compounds. This precaution was necessary to avoid possible cross contamination between various paramagnetic hexafluorides begin studied in this laboratory. After purification these materials were stored in monel vessels which could easily be removed and attached to other manifolds. Host cans were maneuvered so as to avoid exposure of their valves to measurable pressures of other hexafluorides.
Quartz sample cells were attached to the manifolds through graded seals to Pyrex, pyrex-to-copper Housekeeper seals, and finally copper-to-monel vacuum brazed joints. Cells were heated to 450°C and pumped (P-5 x 10-7 torr) for at least 24 h before use. Components for the various mixed crystals (ReFs in MoF 6 , WF s , or UFs) were measured by admitting a known pressure of gas into a calibrated volume. Pressures were measured with a monel bourdon type gauge or obtained from vapor pressure vs temperature data. 28 Each sample was separately metered and sublimed into the sample cell to avoid fractionation. 200-300 torr of helium gas, dried by slow passage through a liquid nitrogen cooled trap, was admitted into the cold sample cell. The cells would then be sealed off the system below the graded seal.
All crystals were grown from the vapor. A cooled copper wire contacted the cell where crystal was desired. Depending on the size and shape of the sample cell, growth was completed in a period of 3 weeks to 3 months. Single crystals roughly 2 x 2 x 2 cm in rectangular quartz cells could be grown by this method. UFs crystals were grown at room temperature, and ReF 6 , MOF 6 • and WFs crystals were grown in a -20°C cold room below the cubic-orthorhombic phase transition. Samples were cooled to 77 K by lowering them at speeds ranging from 7. 5-15 cm/ day into liquid nitrogen. Some cracking of the crystals usually occurred during this latter stage, but often only 2 or 3 cracks would develop in the 2 x 2 x 2 em crystals.
Spectra were taken with the samples immersed in either boiling nitrogen, boiling helium, or superfluid helium (-1. 5 K). Samples, especially at 1. 5 K bath temperature, were probably somewhat warmer than this even though there was 1-5 mm of He in the cell at 2 K. Thin, pure crystal samples (0.1-1. 0 mm) were probably below 2 K when the bath temperature was 1.5 K. Low resolution spectra (5-6 cm-1 slits) were obtained on a Cary 14 R (IR-2 option) . The 2.0 J-I. band of HBr and the 1.8 J-I. band of HCl 29 were used to calibrate the instrument. For higher resolution, a O. 5 m scanning double monochromator (McPherson Model 285) with two 600 grooves/mm gratings blazed at 1.85 J-I. was used. Since this is a Single-beam setup, water must be excluded from the monochromator and light path by N2 flushing. The higher resolution ir system is designed around a Texas Instruments 2 x 4 mm liquid nitrogen COOled InAs detector. The detector and matching zero-biasing preamp (Perry Amplifier Co., Brookline, MA) are contained in an aluminum Faraday cage mounted at the exit slit of the monochromator. The light source is aGE 1958 or 1959 tungsten iodine lamp operated at constant current by a stabilized dc power supply and filtered with IR-85 and G-533 or B-460 glass filters from Hoya Glass Co. The system band pass before the monochromator was 1-2.5 J-I..
In order for the photo voltaic detector to operate well it must see an ac signal of a frequency somewhere between 400 Hz and 50 MHz. This has been accomplished by two techniques: intensity (amplitude) modulation of the source with a frequency-locked light chopper or frequency modulation by a quartz wedge optical scanner (American Time Products) mounted at the exit slit of the double monochromator. In both cases the modulation frequency was roughly 400 Hz. The chopper gives the full absorption spectrum, while the modulator gives a signal that approximates the first derivative of the absorption. The position of the sample with respect to either modulation scheme is irrelevant. The detector signal is then amplified by the preamp and a lock-in amplifier (PAR HR-8 with a type C plugin). The output of the HR-8 is recorded on a two pen strip chart recorder as either the absorption spectrum or its first derivative. Since the noise limiting feature of the system is detector noise, the method of mOdulation is important only in that the sensitivity of the system changes with modulation method. With full beam amplitude modulation the detector always sees a large ac signal (that is, the lock-in amplifier must be kept on a low gain scale), whereas the frequency modulation scheme gives no signal for no absorption in the light path. Typical weak signal readings for the FM scheme are on the 20 J-I.V scale but on the 0.5 mV scale for the AM scheme. In the former situation, the limiting signal-to-noise ratio (sensitivity) is due to detector nOise, and in the latter case it is due to amplifier overload. On the other hand, for weak broad features the AM technique is better.
The other pen of the two pen strip chart recorder marks wavelength as determined by a microswitch attached to the monochromator's drive screw. This mechanism was calibrated over the 1. 7-2. 0 J-I. range with H 3S Cl, H 37 CI, H 2 0, H 79 Br, and H81Br29. The correction curve was adequately fitted by a least squares method to an expression which was the sum of a straight line and a sine wave with a period equal to the revolution period of the monochromator's drive screw. The standard deviation for this fit is 0" = 0.09 A, and the over-all accuracy of reported data or mean error (30") is roughly 0.07 cm-1 at 2.0 J-I.. The smallest attainable slits in this region while taking low temperature crystal Optical spectra were obtained for pure crystals of ReFs, for crystals containing 0.3%, 0.8%, 3%, and 10% mole fraction of ReFs in UF s, and 0.3%, 1.0%, and 2% mole fraction of ReFs in MoF s and WFs. These samples varied in thickness from 0.05 mm to 2 cm. Magnetic susceptibility measurements were performed at Bell Laboratories (with Dr. F. J. Di Salvo) using a technique described elsewhere. 30 
V. RESULTS
Representative low reso1ution spectra of the various crystal systems are displayed in Figs. 6 and 7. Portions of the high resolution spectra are presented in Figs. 8-10 and 12-14. Data obtained from pure and various concentration mixed crystals are presented in Tables VIn and IX . Spectra obtained from crystals of the same chemical composition but different concentrations differed only in linewidth and concentration dependent pair peaks. The tabulated results are generally averages over many measurements on different crystals. The exception to this pattern is a sharp feature occurring on the red edge of the pure crystal origin at helium temperature (see Fig. 14 tained a crystal with favorable orientation, we could alter the relative intensity of this peak drastically by rotating the crystal relative to the light beam.
Even though the optical path was flushed with dry nitrogen gas, weak water peaks appeared in spectra in the region from 5150-5500 cm-I . These sharp features are easily identified by comparison to atmosphere tracings and are labeled by "w" in the figures of this paper.
The magnetic susceptibility measured between 10-300 K is summarized by the expression X M = 69x 10-4 /T+ O. 69X 10-4 emu-deg/mole.
Below 10 K the behavior is complex and is discussed in Sec. VI. F,
VI. DISCUSSION
A. General vibronic features
The main features of the r 7g -r 6g (D 4h ) transition of (Tables  VIII and IX) . Intensity distribution in totally symmetric vi(-715 cm-I ) progressions indicates a minimal shift of equilibrium position. The origin and its progressions are magnetic dipole allowed with some crystal field induced E1 character due to destruction of the molecular inversion center at the crystal site. The V~(tlu) at 270 cm-I and vH!zu) at lS0 cm-I modes serve as false origins largely via Herzberg-Teller coupling. Progressions in v;(tZg) at (300 cm-I ) are in part due to Jahn-Teller (pseudo-Jahn-Teller in the D4h and C s models) activity of the ground state. Combinations and overtones up to a total of three or four quanta are observed, Anharmonicities, as measured from the low resolution combination and overtone band centers, are small-typically less than 1 cm-I/added quantum.
Under higher resolution, peaks involving v~, v~, v~ are observed to split. The splitting is consistent with a D4h model with a small C s symmetry field superimposed. For example, vibronic peaks of threefold degenerate octahedral fundamentals are interpreted as though their vibrations split into singly and doubly degenerate modes in D4h symmetry (see Fig. 2) ; the doubly degenerate mode is split to a lesser extent by the C s distortion. Figures 10 and 13 show this vibrational splitting in several hosts.
The assignment of all resolved features in the combination and overtone bands is complicated by possibl e anharmonicity and Fermi resonance effects. The later effect is important considering the reduced site symmetry and the close spacing of the split components of the degenerate octahedral modes. The assignments in Table VIII are based on the best energy and intensity matchings, assuming mixing and splitting of harmonic D4h combination and overtone levels by the crystal potential are small.
While vibronic spectra in the bending region (V4' vs, V6) are straightforward and assignments are certain, considerable ambiguity exists in the stretching (VI' V2' V3) region at -700 cm-I . The peak that appears to correspond to a totally symmetric vibration (VI) at -715 cm-I in WFs and MoF s mixed and ReF 6 pure crystals is observed as three distinct features in ReFs /UF s mixed crystals in low resolution. Only one of these ReFs/ UFs peaks matches the energy of the vibration apparently involved in combination bands. This same feature is the one that builds on these three peaks to give observed "2v~" band structure in low resolution (see Table VIII ). At highest resolution, the "VI" peaks are seen to be somewhat asymmetric in the other hosts, but no splitting has been discerned. Owing to two-particle transitions, UF s is the best host for the study of one particle (vibron) spectra in this region, Assignment of the two intense "additional" peaks in ReFs/UF s as components of v~ is supported by the occurrence of V3 in the ground state at -715 cm-I in the vapor phase. The e u and a2u components in the D4h model would be identified with the 71S. 1 and 70S. 0 cm-I features, respectively, based on the roughly 2: 1 intensity ratio and the expected smaller force constant for the ~u axial mode, Linewidths in MoF s and WFs crystals are significantly narrower than this splitting; therefore, for these mixed crystals v~ and v~ are assigned as degenerate. This indicates, as do the ground state splittings discussed below, that the DM distortion is largest for ReFs/UF s mixed crystals.
Figure S displays this region in high resolution, The assignment of the 71S. 1 cm-I low resolution peak as the e u split component of VWlu) would be supported by the observed 1. 4 cm-I splitting. However, the occurrence of two peaks at 712.9 and 714.9 cm-I then makes the v~ assignment uncertain. The 2v~ + v~ and 4v~ bands are expected in this region and may gain intensity through Fermi resonance with v~ /v~. Indeed, the relative intensities of the features at 71S. 9, 712,9, and 70S. 5 } v, (e,)' v'; (e,) v, (b,,) ! " ' , " , ' " 2 v, (b,.) v6 (b 2 .,) + v6 (eMIl) 2v, (e,) "5 (e, ) + Vs (b z ,) 2 v'; (b,,) v; + vi' (host) v; + 2vs
j' " 
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2v 4 ',3v e 1)4' (e,,)-+ l,;(e,) v 4 ' (10'.,) + II,; (b 2 1') ~}4' (a211) + 1J 5 (e,) 1' 4 (a211) + v; (b 2 ,) 2"5 (e,) vs' (e ,) eThe assignment is an approximation due to the overlap of single-particle and two particle bands (see Table X ). dSee text (Sec. VI. A). eCalculated from the exciton band center at 5009.5 cm-l as discussed in text, Sec. VI. E.
cml vs those of the 717.5 and 714.9 cm-l features are consistent with identification of the latter as induced absorptions in a weak resonance. In the ll~ / ll; + ll~ (and ll~ /ll;+ ll~) band, it appears that the elf (e u ) and b 2g (a 2u ) components of ll~ (ll~) add to all five peaks (see Table  X ). Consideration of the energies of the 2111 region in low resolution supports the conclusion that the 712.9 cml peak is ll~, in the limit of weak resonance.
There are no moderately intense peaks which can be identified as components of ll~(eg). All other features in the energy region of ll~ or ll~ plus bending modes can be accounted for as combinations and overtones of ll~ , ll;, ll~, ll~, and ll~ (one-and two-particle transitions).
B. Ground state properties-hot band spectra
The splitting 0 of the ReF 6 reg (Oh) ground state has been measured from electronic hot bands in the various crystals at 77 K. If complications ariSing from exciton band structure, exciton density of states, and phonon coupling are neglected, the value of 0 in the paramagnetic pure crystal may be taken to be the difference in energy of the two observed pure electronic optical band centers; then, 0 = 26. 8 cml for the pure crystal. In mixed crystals, this electronic splitting is found to be o(Re/Mo) = 24. 2 cm-\ o(Re/W) = 24. 6 cml ; and o(Re/U) = 45.9 cm-l • Electronic hot bands are broader than the true origins. The low energy r 71f (D 4h ) lies within the phonon "continua" at 77 K, and the increased linewidth may be due to lifetime broadening through phonon coupling. An indication of the extent of phonon coupling in these systems is the amount of intensity occurring in phonon side bands of the 2 K spectra. For the MoF 6, WF 6, and UF 6 mixed crystal origins, these intensity ratios, normalized to an origin intensity of 1 are, respectively, 0.71, 0.95, and 1.18. If one assumes that the 77 K "The observed pure crystal origin is at4999.7cm-l , but the vibronic spectra are measured from the exciton band center position found to lie at 5003.7 cm-t as discussed in the text, Sec. VI. E. bAlthough only v{ is listed, v3 occurs in this peak and in combination, difference, and overtone peaks (see text).
electronic hot band linewidths (7, 14, and 14 cm-I , respectively) are phonon determined, the same ordering for increasing exciton-photon coupling is found, even though sideband intensity and linewidth may not be directly related through a single coupling mechanism.
An interesting feature in the hot bands is the structure of v~' vibrations. In mixed crystals, the vibration (t 2u in 0h) is observed to be split into two components, v~~ and v~~, separated by approximately 10 cm-t • This structure occurs at (vo -v~~), (vo -vW, and again at (vo -15 -v~~), (vo -15 -v~~) (see Fig. 9 ). The v~' vibrations are thus similar in both lower electronic levels and large v~' splitting compared to that for v~ (s 4 cmt see Table VIII and Fig. 10 ) indicates a greater distortion for the lower ReFs electronic levels. These lower levels are vibronically mixed (Jahn-Teller coupled), while the 5000 cmt r 7, level is an energetically isolated electronic Kramers doublet.
To test assignment of the lowest level as r 6g (D 4h ), an attempt was made to compare relative origin transition intensities allowing for population differences in the various crystals. However, appropriately averaged transition matrix elements are the same for both states to within 1% (using parameters listed in Fig. 3) . Consequently, no comment may be made on the assignment from the unpolarized absorption spectra. C. Two-particle transitions Although locations of major vibronic features in the various crystal spectra are nearly identical relative to their respective origins, there is a great deal of intensity and line shape variation among Similarly identified features. [Compare Figs. 6(a) , 6{b), 6(c), 6(d).J For example, (vo + v~) is broad and has underlying structure in UF 6, is sharp in MoF 6 and WF 6, and has a shoulder to the red in ReF 6 • Also, (vo+ vD is very broad with structure to the red in MoF s, WF 6, and ReFs, while it is sharp in UF 6 • Furthermore, there are medium intensity broad peaks not asSignable to vibrations of ReF 6 (C s or 0h or D 4h ) occurring red of (vo + v~) and blue of (vo + v~) in WF sand MoF 6 but not in UF 6 or ReFs crystals. 'These energies are tabulated as the difference between the corresponding vibronic and zerophonon lines in the appropriate crystals. bE. R. Bernstein and G. R. Meredith, "Raman Studies of Crystalline Transition Metal Hexafluorides," (in preparation). cReduced separation equals estimated vibron to two-particle band center energy divided by vibrational exciton bandwidth estimated from observed two-particle transition and Raman data. ~ransition energy minus 0-0 total exciton band center energy (see text). "Averaged mixed crystal hot band values (see Table IX ). f(2v,), (v4 + 2 1'6) ' (v, + 21'6) , and (2 v5 + vs) of ReF 6 also fall in this general region and most likely also contribute to the overall two-particle intensity. & (21'4) , (3vs) , (1'4 + 1'5) , and (2"5) of ReFs also fall in this region and most likely also contribute to the overall two-particle intenSity.
These absorptions are all attributable to two-particle transitions. A zeroth-order description of a two-particle transition is an optical excitation of the crystal for which the final state has electronic and vibrational quanta located on different sites. The energetics of this explanation are quite convincing, as Table X shows.
As was pointed out in Sec. Ill, Rashba has developed a theory to explain two-particle transitions in aromatic crystals, in which electronic and vibrational components of a vibronic state are treated as separate interacting particles. The frequency defect ~v = v' -v" acts as a local perturbation or potential for the excitonvibration interaction. It is the ratio of I ~v 1 to ~ex' the electronic exciton bandwidth, which determines the proportion 1 -la 12 of total vibron (one-particle) band intensity occurring in the two-particle band.
In attempting to apply the Rashba theory to mixed crystals of ReFs in UF s , MoF s , and WF s , two important points should be considered. First, the 2 Jl transition in ReFs is well isolated from the nearest electronic exciton band in any of the mixed crystals; indeed, this separation varies from -20 000 cm-1 to -55 000 cm-1 • Second, the three mixed crystal spectra and pure crystal spectra are strikingly similar in overall two-particle features. Ignoring pseudoresonance in mixed crystals, any modified Rashba theory would have to reduce to one in which the vibrational exciton band of the host replaced the electronic exciton band and the localized electronic excitation of the guest replaced the localized vibration. The frequency defect then becomes ~v = v; -v~', the vibration frequency difference between the electronically excited guest and the electronic ground state of the host.
Since host ground state vibrations are described as excitons and the presence of impurity molecules must relax ~k = 0 exciton selection rules, two-particle transitions may have widths comparable to host vibrational exciton bandwidths. In fact, the Vs and Vs two-particle bands are wider than the single particle peaks in MoF s and WFs (see Fig. 6 ). Since V4 transforms as the electric dipole in 0h' D 4h , and C., it is expected to have the largest exciton bandwidth. The low resolution spectra of the v~ region show considerable broadness in MoF s and WFs crystals, and the higher resolution spectra display at least five features (see Table X ).
The fraction of intensity which occurs in two-particle bands 1 -1 a 12 and which derives oscillator strength from a single vibronic transition decreases with increasing 1 ~v 1 / ~ex, according to the Rashba theory. Table X lists the fractions of single particle vibronic intensity, 1 a 1 2 , ignoring intenSity borrowing from neighboring vibronic bands. A major difficulty which arises with this mOdified Rashba approach is that it would predict 1 a 12 "' " 1 when 1 ~v 1 2: ~ex' a fact which is substantiated in benzene (~v = -86 cm-1 and ~ex = 60 cm-1 predicts laI 2 =0.98, and laI 2 =0.95 was observed).24a The ReFs values for 1 a 12 are significantly lower than predicted, implying that too much vibron intensity resides in the two-particle states. Disregarding additional complexity arising from other nearby bands, it appears that the interaction of optically allowed one-particle vibron states with the multitude of two-particle separated configuration states cannot be quantitatively described in terms of just ~v and ~ex parameters. Figure 11 depicts calculations of 1 a 12 based on a square wave, sine wave (0°_180°), and Gaussian distribution of exciton density of states for comparison.
One would initially expect that this theory, which omits corrections for resonance interactions and renormalized energies, would be a better approximation for the present case of host vibrational exciton bands with small ~ex than it appears to be for the case of electronic exciton bands with large ~ex' The superexchange mechanism (interaction through a higher electronic exciton band-see Sec. VI. D) is seen to be of little help in improving this approach because of the similar magnitude of the effects in the various mixed and pure crystals.
It is well known that an impurity level lying outside a band with which it interacts is repelled from the band edge. Positions of single-particle transitions observed in absorption are consequently not necessarily situated at a distance v' from the origin or electronic band center. High resolution data show that the v; optical centers of gravity predict host independent vibrational centers of gravity (Table xI) . However, the v~ modes in mixed crystals differ by 3-4 cm-1 , with the highest value of v~ being associated with the smallest 1 ~v 1 system. The percentage of V4 two-particle transition intensity is large in MoF s and WFs but very small in UF s ' Consequently, the unperturbed v~ frequency is most probably the value observed in UFs mixed crystals. Likewise, the v~ centers of gravity are very close in MoF sand WF s , but v~ in UF s is shifted to lower energy by v~' and v~' two-particle bands.
The above modified Rashba theory is of course not applicable to the pure crystal case. The electronic exciton structure, which is at present incompletely aIn this host, the "1/"3 region connot be assigned to specific resolved features.
understood, must be included. Vibronic coupling for non-totally-symmetric vibrations might also be expected to contribute. Nonetheless, it should be noted that pure crystal two-particle energies and intensities are not significantly different from those of mixed crystals. This observation tends to eliminate higher order or superexchange-type mixing with delocalized charge transfer exciton bands, as well as the electronic exciton band of the r 7, (D4 h) electronic state itself, as major sources of two-particle intensity. A rather straightforward first-order mixing of one-and twoparticle states via the intermolecular potential seems to be indicated.
Two-particle related quantitative data are difficult to obtain from pure crystal absorption spectra. The V4 and Vs two-particle transitions occur within the broad envelop of the v~ vibronic peak. The Vs two-particle transitions are observable as an unresolved shoulder of the v~ one-particle vibronic peak (see Fig. 6 ).
Two-particle features are also indentified in combination and overtone vibronic transitions (Table VIII) quantum to the host. Transitions to states in which more than one vibrational quantum is transferred were not observed.
D. Pair spectra in mixed crystals
To aid in the decomposition of interactions involved in the pure crystal origin structure, pair or dimer ReFs spectra have been investigated in dilute mixed crystals. Such studies could be performed with relalative ease because dilute crystal origins are quite sharp. At 0.3% ReFs concentration, the full-widths at half-height (FWHH) for MoF s , WF 6 , and UF6 crystals were 0.7, 0.9, and 1.1 cm-t, respectively. The increasing trend in these numbers probably indicates lower concentrations would yield sharper lines. For some of the well resolved pair features in UF s , a 0.5 cm-1 FWHH was measured. This latter width is of the order of the zero-field hyperfine structure for the transition, and thus is most likely intrinsic.
As pointed out previously, the four crystal systems involved in the study (ReFs, WF 6 , MoF 6 , and UF 6 ) mixed crystals; the over-all extent of the structure is -12 cm-1 in MoF sand WF s but -27 cm-1 in UF s' Since there are six inequivalent types of nearest neighbor pairs and both ground and excited state interactions are possible, this spread is not necessarily directly related to the magnitude of interaction in a given dimer. Nonetheless, structure in the hosts is centered roughly about the monomer line, and since the gas-to-crystal shift is not expected to differ much for a pair from that of a monomer, the splitting is an indication of the magnitude of dimer interactions. Selection rules playa very minor role in this low symmetry, strongly spinorbit coupled situation.
One might initially expect that most of the pair features would occur on the high energy side of the monomer origin due to ground state interactions. However, any two ReF 6 molecules can couple ferro-, antiferro-, or canted antiferromagnetically in either ground or excited state. Each pair has its own particular structure, and more than one level of the ground dimer may have population at a given sample temperature. Where the pair features are reasonably well resolved, structure to the high-energy side of the monomer is most intense. Careful intensity vs temperature studies have been hampered by line broadening and overlapping in this crowded region.
The only substantial difference between the ReFs / UFs and ReFs/MoF s , WFs systems that could account for these interaction differences is found in the positions of the host charge transfer bands. Charge transfer bands of MoF s and WFs are quite high in energy (at and above 50000 cm-1 and 60000 cm-t, respectively),3f while those of ReF 6 and UFs fall around 23000 cm-
The overlapping charge transfer bands for the ReFs/ UF s mixed crystal around 23000 cm-1 and above allow for delocalization of these low energy ReFs states in UFs mixed crystal (and pure ReFs as well; see Sec. VI. E). In the energy region of this charge transfer exciton band, the ReFs/UF s mixed crystal would be virtually identical to the ReF 6 pure crystal. Additionally, the first ionization potentials 3f ,b and charge transfer energies predict the lowest empty orbitals of ReFs and UF 6 to be 3.5 eV lower than the lowest empty orbital of WFs. Intersite electron mobility and second order interactions ("kinetic exchange" or "superexchange") between guests are substantially enhanced in UFs and ReF 6 crystal. Such low lying delocalized states would not occur in ReF 6 /MoF 6 , WF6 mixed crystals. There appears to be an intermolecular superexchange mechanism, which increases the interaction between two ReFs molecules in their ground and first excited states; the pathway for such interaction is associated with the delocalized (exciton) charge transfer band of the host and intersite electron mobility. Pair interactions observed in MoF s and WFs mixed crystals should yield an effective upper limit to the more usual molecular crystal exciton (energy transfer or excitation exchange) first-order pair interactions.
It would be useful to separate the total origin pair interactions into the "usual" exciton (resonance or excitation exchange) and electron exchange terms. Such a decomposition would be straight forward for a pure Heisenberg exchange interaction [with HL. S) =0]; this reduction would also lead to a spin-orthogonal singlettriplet coupling regime in both ground and excited states. In the present situation there are diagonal and off-diagonal exchange terms within each state, excitation exchange terms in the excited state, and terms that couple the two states. A detailed consideration of the matrix elements involved reveals that excitation and electron exchange distinctions are not, in general, possible, owing to the strong coupling of internal and orbital electron coordinates.
On the other hand, having identified the major intersite interaction mechanism as superexchange via low lying delocalized charge transfer exciton bands, it is possible to further decompose the over-all intermolecular coupling. In particular, one can conveniently employ the localized product representation a I x f X 0) or Ir 3 r 4 ) and assume all <r/r 4 IJC'lr 4 r 3 ), which are off diagonal with respect to the zeroth-order degenerate ground and excited state blocks, are zero. In this approximate simplification of the total interaction there are three types of terms: diagonal-(degenerate)-block ground state matrix elements (e. g., <r3 r 4 1JC' I r 4 r s », diagonal-(degenerate)-block excited state matrix elements which localize the excitation (e. g., <r{r4IJC' Ir{r3 », and off-diagonal excited state matrix elements which exchange or delocalize excitation (e.g., <r,r 4 IJC'lr 4 r,». The off-diagonal excited state terms are still, of course, within the zeroth-order degenerate excited state "diagonal" block. These latter terms are subject to reduction by vibrational overlap factors. For non-totally-symmetric vibronic states of the monomer, excitation exchange terms are zero in the Born-Oppenheimer 0h symmetry approximation. They are expected to be small for vibronic states of ReFs, except, perhaps, in V5' for which the ground state functions are not Born-Oppenheimer in nature.
In UF s, pair peaks occur around v~ and v~ with spreads of -25 and 20 cm-1 (see Fig. 13 ), respectively. In WFs and MoF s hosts, the monomer peaks for v~ and v~ also appear to change with concentration, and poorly resolved structure occurs on these features (.o.v diagonal energy localizing ("exchange") interactions are large.
The excited state pair wise exchange splittings should be reduced in the pure crystal (by roughly a factor of 2) with respect to those in ReF 6 pairs in UF 6 , because the ordered pure crystal ground state is nondegenerate. The reduction can be seen qualitatively as due to the restricted spin orientation for an ordered pure crystal ground state. The total interaction, which is approximately a sum over all pair terms, should still be observed if the major contribution came from excited state matrix elements. The pure crystal exchange field would then split the localized Kramers doublet vibronic states by an observable amount. Selection rules for C s site (exchange field) symmetry give intensity to both terms of the split Kramers doublet. Approximate D 4h -site symmetry leads to the same result for arbitrary orientation of axes. However, pure crystal (2 K) spectra show v~ / v; and v~ to be as sharp as mixed crystal peaks, and there is no evidence of splitting. Since this splitting or broadening should be observed if the major contribution to the pair splittings were an excited state effect, it is possible to argue that large block diagonal interactions for pairs are most likely in the ground state. denominator argument, the ratio of ground state superexchangeinteractioninReF 6 /UF 6 to ReF 6 /WF 6 , MoF s is roughly 2i: 1. If excitation exchange interactions are constant through the series, one finds that splitting due to superexchange appears to be the major contribution to the origin structure in all mixed crystals.
It would of course be important to actually determine these. decompositions experimentally. Essential experiments to unravel pair interaction involve single oriented crystals, polarized light, the Zeeman effect, and temperature dependent absorption. These are presently under investigation in our laboratory.
E. Pure crystal origin
Transition energies to various levels of ReFs in mixed crystals are temperature independent to within the measurement uncertainties as determined from low resolution spectra at 77 and 2 K (see Table VIn and IX) . Either there is relatively low sensitivity of the general vibrational force field and electronic energy level spacings of ReFs to changes in lattice constant, or there is negligible lattice change over this temperature range for UF s , MoF s , and WFs crystals. However, pure crystal vibronic transitions are generally blue shifted by -6 cm-1 on cooling from 77 to 2 K (bath T"" 1. 5 K). Since XFs crystals are so nearly identical, this indicates the onset of a pure crystal cooperative phenomenon such as a structural phase change or magnetic ordering. The former might be related to Jahn-Teller activity of ReFs or to depopulation of the r'K (D th ) level at 30cm-1 • A structural change can be eliminated, however, by the careful heat capacity studies of Weinstock et al. 31 Magnetic susceptibility measurements (s ee below, Sec. VI. F) show that, in fact, a magnetic transition probably occurs somewhat below 1. 5 K.
The pure crystal origin evidences some striking difference between 77 and 2 K, as shown in Fig. 14 (2) several features are evident in the 1.5 K spectra which appear to be, from their intensity and position, k=O components of the same exciton band. The 4.2 K spectra are more poorly resolved but have the same over-all width and features; and (3) a change in observed band center of + 6 cm-1 on cooling from 77 K to 2 K. All of these features can be readily understood based on a low temperature magnetic phase transition or the dominance of exchange interactions below 4 K in the pure crystal.
In order to discuss the 0-0 band in detail, it is necessary to understand what parts of it are observed and where its center lies. Various group theoretical considerations and selection rules based on magnetic space groups were presented in Sec. Ill. Magnetic space group analysis may still be central to this discussion even if the pure crystal is not yet ordered at 1. 5 K (see Sec. VI. F). Local order or short-range exchange induced correlations (brought about by large anisotropic exchange fields) may well be dominant as high as 4-5 K. Assuming k is still approximately a good quantum number under these circumstances, the observed center of gravity of the k = 0 optical components will in general be shifted from the total band center by a "k = 0 shlft,,11 and by variations in the transition moment to different Davydov components. Since non-totally- (Table XI) Simple exciton theory for molecular crystals would predict that mixed crystal origins should be close to the total band center. In the ordered crystal, the ground state is lowered by 5.8 cml [with respect to the 5000 cml r 7 (Du) level] as reflected in the increased absolute tnergy of the entire vibronic manifold. It is the 77 K paramagnetic crystal band center that should be compared to an ("ideal") mixed crystal value for the band center. Standard host-guest quasiresonance corrections would not be necessary in this instance. Probably the best mixed crystal value to choose for this comparison is v (Re/U) = 5002. 9 cml because of the similarity between ReFs pure and ReF 6 /UF 6 mixed crystals. Thus the 77 K vibronic origin (5003.7 em-I) and the ideal mixed crystal origin (ReF 6 /UF 6 at 5002. 9 cm-I ), coincide to within ± 1 cm-I .
The gas phase origins have been reported as 5001 cm-13c and 4993 cm13b ; the latter value is based on somewhat higher resolution data, but the major differ- is near 77 K. Even though polarized spectra have not been obtained, the sharp feature at 4986 cmt in the 2 K spectrum has been found to be polarization dependent in one favorably oriented single crystal sample.
ence between the two numbers is interpretational in nature. The gas-to-crystal shift is small, but its exact value cannot be presently determined from published data.
Two alternative explanations for the ReF 6 pure crystal origin structure at low temperature are possible.
1. Structure is due to transitions to the large number of k = 0 components of the Davydov branches for the appropriate magnetic space group (Sec. III). Since the crystal may not actually be ordered at 1. 5 K, the "exciton band" would be indicative of short-range (unit cell) order, and k would only be an approximate quantum number. ~k = 0 selection rules would be a firstorder approximation for the discussion of band shape, etc. The interaction would be a large excitation exchange (off diagonal in the excited state "diagonal block"), apparently larger than in the dimers. However, the total band is composed of sums of dimer interaction terms. A peculiarity of this interpretation is that the translationally equivalent interactions (k = 0 shift), which are expected to be large, would have to cancel in part because the optically observed band center and the total (vibronically predicted) band center are close.
2. The structure is due in part to magnon-type spin fluctuations. These spin fluctuations appear as magnon side bands obeying total ~k=O selection rule. The observed structure would contain both magnon and exciton states. This interpretation is appealing because it is consistent with large diagonal ground state interactions and because it offers an explanation for the significantly increased intensity in the origin of the "ordered" crystal relative to that in the mixed or paramagnetic crystal. The sharp orientation (polarization) dependent feature on the red edge of the band would be an allowed k = 0 Davydov component occurring at the bottom of the exciton band. Other higher-energy Davydov components may be broadened owing to the magnon sideband continuum, making them unobservable without careful polarization studies. However, location of the total band center a few cml higher than the optical band center requires that transition probabilities to lower energy exciton plus magnon states dominate the band structure.
Unfortunately, these two possible explanations, both of which seem to have small difficulties, can account for the general observations. Section III discusses the expected magnetic space groups if D~~ is still maintained for the spatial arrangement of molecules. An unambiguous interpretation is not possible at present. Stark, Zeeman, polarization, and better temperature variation experiments are needed in all crystal systems to parametrize both the pair and the exciton band features. It would be extremely informative to attempt a synthesis of the exciton structure from identified pair interactions. Such a relationship exists for diamagnetic molecular crystals and would be important to test for this situation as well.
F. Magnetic susceptibility
The magnetic susceptibility measured between 300 and 10 K is linearly dependent on liT with a slope of 69 x 10-4 emu-deg/mole. Deviations from this line at lower temperature will be discussed below. The effective moment !leff is 0.272 for a spin doublet. No deviations in the data were observed for the temperature range corresponding to 30 cm-1 , verifying the nearly identical I g I values calculated in a D4h model for low lying r 7g and r 6g levels.
The observed I gl value is significantly lower than that calculated with k=l (lgl =0,349). If k is reduced, I gl increases and thus a simple description of ReF 6 magnetic properties based on d orbitals and a single orbital reduction factor appears to be inadequate. The spin-orbit operator in t 2g orbitals was written as ~l, s and ~ was subsequently determined from intraconfigurational transitions between strong field 5d hexafluoride states. 1, 3 This operator should be written as r (k n 1) • s within a manifold of t21f orbitals.
The observed magnetic moment is induced by spinorbit coupling between t 2g and elf orbitals and should be generated by ~' (kaY 1) ,s. When kar = k .. , no error ensues from explicitly dropping the k's inherent in the experimental~. Since, however, a bonding is more effective than 1T bonding, kaY < k .. , and induced moments in the lower bands would be expected to be smaller than for the case k n = kaY ' An independent estimate of k .. can be obtained from Zeeman splitting of the r 7g (Du) level deriving from the r 71f (0 h) level. The calculated g value is isotropic in 0h and nearly isotropic (within 1 to 2%) in Du. It is approximately independent of kaY and kaa and decreases from g = 2. 00 at k n = 1 to g = 1. 33 at k .. = O. 5. When g is directly determined from experiments it will be possible to comment further on k .. , kat' and what can be learned about M-F bonding character from orbital reduction factor-magnetic susceptibility calculations.
For the temperature range 10 K~ T~ 1. 5 K, the magnetic susceptibility is not a linear function of liT. The actual dependence over this range is quite complex and at best only qualitatively understood. While the high temperature data give a small antiferromagnetic Weiss constant (9'" 0.5 K), the lower temperature results (T ,,; 7 K) appear to give ferromagnetic behavior. The exchange interaction is very anisotropic. It appears as though the pure solid has not ordered at T= 1. 5 K, although exchange interactions are dominant below about 4 K. The measured susceptibility is consistent with lower than three-dimensional behavior 32 and both ferroand antiferromagnetic interactions with nearest neighbor molecules.
VII. CONCLUSIONS
The major conclusions to be drawn from this work are as follows:
(a) ReF 6 crystal spectra are closely related to those of the molecule. The origin is weakly dipole allowed (E1 and Ml), and strong vibronic features serve as false origins forming a number of progressions. For the most part, the excited state potential is quite harmoniC, even in the Jahn-Teller active liS mode.
(b) The molecule is octahedral in the gas phase but approximately D4h distorted in the crystal. The ground state ra (Oh) is split by 20-50 cm-
(depending on host
If crystal) owing to this distortion. The ground state potential seems to be more distorted than the excited state (based on 1I~' site splitting vs 1I~ site splitting). This is probably attributable to a Jahn-Teller effect. However, only 1I~ appears in the excited state (not 1I~). 1I~ intensity is altered, especially in the pure crystal, by vibronic coupling and two-particle transitions.
(c) The 1I~ and 1I~ region (715 cm- 1 ) of the spectrum has been reassessed and 1I~ and 1I~ are assigned as degenerate.
(d) Pure crystal spectra below about 10 K are dominated by magnetic effects. The susceptibility is complex, anisotropic, and indicative of a balancing of ferro-and antiferromagnetic interactions and reduced dimensionality. The ordering temperature is probably below 1. 6 K. An analysiS of possible magnetic space groups has been made, and based on the high temperature atomic pOSitions (D~t-Pmna), all types of magnetic arrays are allowed. Selection rules indicate as many as eight k = 0 components can be observed in an ordered structure based on D~t atomic positions, (g) Linewidths observed for mixed crystal origins and pair structure are roughly 0.5 cm-1 . This width is within a factor of 2 of the expected hyperfine structure for the transition. Such sharp features imply excellent crystal quality and afford an opportunity to study linewidth and relaxation mechanisms in molecular solids.
In order to obtain more detailed knowledge concerni.ng pure and mixed crystal interactions, Zeeman, Stark, and polarized spectra are needed.
In addition to the research presented in this report, we are also investigating optical and magnetic properties of IrF6 pure and mixed crystals. Many of the phenomena observed for ReF 6 (magnetic ordering, pair spectra, two-particle transitions, vibronic coupling, crystal field effects, etc.) have been characterized for IrFs.12c This has strengthened and corroborated many of our conclusions and approximations in the present work.
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